Abstract| Circuit requirements of a direct conversion FLEX paging receiver with the zero-crossing interpolation demodulator are derived by means of high level simulation. Impacts of the limitations on noise and nonlinearity c haracteristics of the RF stage, the in-and quadrature-phase mismatch, and the LO frequency drift are analyzed relative t o the degradation of the bit error rate. O cial speci cations on radio paging receivers are introduced to ensure the minimum performance. It is shown that an RF front-end with 25 dB gain, 5.3 dB noise gure and 11 dBm second order intercept point makes the receiver quali ed for the sensitivity, desensitization and intermodulation requirements.
I. Introduction F OR years, traditional pagers in many countries have been governed by a standard known as POCSAG which is based on a binary frequency shift keying FSK modulation scheme and runs at 512, 1200 or 2400 bps. The insatiable quest for information and the development of new paging markets in rapidly developing countries have called for a more e cient and higher speed system. One such system, FLEX, makes use of the 4-level FSK and runs at a top speed of 6400 bps. Countries such as China are steadily embracing such new system.
While the new system is more e cient, it imposes some RF design challenges. In the POCSAG system, over the years, designers have successfully converted the early double-conversion architecture to single-conversion to the low cost direct conversion architecture 1 2 . Direct conversion is very appealing particularly in the pager units because of its inherent simplicity which requires only one major IC for the RF section.
Simpli cation of the FLEX receiver can be similarly appreciated. Two of the major di culties, namely the cancellation of the DC o set and the demodulation of the zero-IF 4-FSK signal, have been studied in a previous work 3 . The studies have discussed the feasibility of employing a harmonic mixer to suppress the self-mixing related DC oset to near noise level, and the use of zero-crossing interpolation ZCI technique in the demodulation. The ZCI technique helps enhance the sensitivity by increasing the number of zero-crossings in the I and Q channels 4 .
In this paper, we study the circuit implications, from the low noise ampli er to the mixer to base-band demodulator, should the ZCI be used. Issues such as gain, nonlinearity and noise of the front-end blocks will be discussed. We will also reveal requirements of the LO. A high level model of the direct conversion receiver working in the AWGN channel is shown in Fig. 1 . We rst assume the RF section is ideal so that the noise free signal can be directly down converted to the base-band in-phase and quadrature-phase components without distortion. The corresponding base-band Gaussian noise terms are added in at the output of the mixer pair. Each of the I and Q signals is then passed to a polynomial block to model the distortion introduced by the RF front-end. Finally the channel selection is done by an 11th order Chebyshev lter pair. Neglecting the high frequency components, at the input of the polynomial block, we h a v ẽ r I t = A cos t + n c t r Q t = A sin t + n s t 1 where A is the signal amplitude; n c t and n s t are the equivalent base-band components of the band-limited input noise and
is the signal phase introduced by the frequency modulation.
In equation 2 f d = 3 : 2 kHz is the FSK tone spacing; a n 2 f1; 3g is the 4-ary symbolvalue and gt is a rectangular pulse of unit amplitude and duration T, the symbol period.
These signals are ampli ed and distorted by the polynomial block which has the function of The demodulator model is shown in Fig. 2 . In a phasor diagram, the 4-FSK signal can be characterized by the direction and speed of the phasor as it rotates. The demodulator accordingly consists of a direction detector and a speed detector. The phasor rotation direction is detected by observing the phase relationship between the I and Q signals, the same method that has been implemented in binary FSK receivers. The rotation speed is estimated by counting and comparing the number of zero-crossings produced by the I and Q signals during one symbol period. A decision block combines the direction and speed information to recover the original bits. The ZCI technique helps generate more zero-crossings by means of addition and subtraction of r I t and r Q t and consequently relax the decision threshold and improve the detection accuracy.
C. O cial Speci cations
The HKOFTA has de ned 5 parameters for VHF public radio paging receivers as the minimum performance requirements 5 : 1. reference sensitivity, 2. spurious response rejection, 3. desensitization, 4. intermodulation response rejection, and 5. radiated spurious emissions. These are originally de ned for the POCSAG system. However, as a standard for paging service, they should apply equally to the new system. As speci cations 2 and 5 are more circuit-level related issues and can be satis ed with careful circuit design and layout, we include only the other three in this high level simulation.
By de nition, the reference sensitivity is the eld strength surrounding the receiver antenna and is 3 dB above the minimum value required for a successful calling rate of 80. The equivalent bit error rate BER for the 80 successful calling rate is 3 in the POCSAG system 6 . In our simulation we used 1 BER as the borderline and de ned the sensitivity as the minimum input signal power to the LNA to produce this BER. Therefore in this paper, the reference sensitivity and the sensitivity are two related terms with di erent meanings. Given the eld strength to determine the amount o f p o w er available for the LNA we need to know the e ciency and the e ective aperture of the antenna as well as the carrier frequency 7 . The conversion problem will be addressed in next section.
To measure the desensitization, an un-modulated signal which is at least one channel away from the nominal operating frequency is introduced as the interference. The desired signal is adjusted to yield a eld strength that is equivalent to the reference sensitivity level around the antenna. The desensitization is the di erence between the interference and the wanted signal in dB when the successful calling rate is reduced by the interferer to 80. In the simulation the interferer is exactly one channel away from the desired signal.
The intermodulation response rejection I M R R measurement is a little more complicated. According to the HKOFTA speci cation, a testing signal at the nominal operating frequency f 0 is rst applied to yield a successful call ing rate of 80. Its level U is recorded. The signal frequency is then changed to f 0 + 2 nf ch where n = 4 and f ch is the channel spacing. At the same time, an unmodulated carrier at f 0 + nf ch is introduced. The levels of these two signals are kept the same and increased to a minimum value V at which a false decoder response is obtained. 
III. Simulation Results
The simulation is carried out to verify the performance of the demodulator, especially the sensitivity and the interference rejection ability, a s w ell as to investigate the circuit requirements on the RF front-end. It is done with an e ort to follow the setup which is suggested in formal measurements. Besides the speci cations described in section II, impacts of I Q phase mismatch and LO frequency drift are also studied. The channel spacing is 25 kHz. Bandwidth of the channel selection lter is about 8 kHz. A. Sensitivity Bit Error Rate Fig. 3 . The sensitivity simulation result at -36 dBm overall I I P 3 and 11 dBm I I P 2. The 1 bit error rate is achieved with about 13.5 dB E S =N 0 ratio or -125.3 dBm input signal power when 2-level interpolation is applied.
As shown in Fig. 3 , for the demodulator with 2-level interpolation, the 1 BER level is achieved at an E s =N 0 ratio of about 13.5 dB when the overall front-end I I P 2 and I I P At the presence of interference components, as is the case in the desensitization and I M R Rtesting, the signal to noiseand-interference ratio S NIR should also be kept above this level in order to maintain the successful calling rate. Neglecting the noise contribution of the base-band stages, the receiver sensitivity is only limited by the noise performance of the RF front-end. To a c hieve -120 dBm sensitivity the front-end noise gure N F m ust therefore be as low as 5.3dB. This number will be used in the following section to determine the RF front-end gain and noise budget. The maximum reference sensitivity required by the HKOFTA i s 2 6 d B V m. Using the same antenna parameters given by 7 and assuming perfect LNA input matching, this eld strength is equal to -109 dBm signal power input to the LNA at 280MHz nominal operating frequency and the equivalent receiver sensitivity is 3 dB lower, i.e.
-112 dBm. Hence we h a v e an 8 dB margin to make up for the errors resulted from our simple model. It is noticeable that a continued increase in the level of interpolation will yield only diminishing improvement. The extra cost of hardware will probably not justify it.
B. Desensitization
The same method that is used in the HKOFTA desensitization testing is applied in the simulation. To provide the reference sensitivity, the E s =N 0 ratio is set to 16.5 dB.
An un-modulated interference signal which is 65 dB higher than and one channel apart from the wanted one is introduced to verify the performance. Since the minimum desensitization requirement is 65 dB, a BER of 1 or lower is expected. Simulation results at 25 dB gain a 1 = 1 7 : 8 are depicted in Fig. 4 and Fig. 5 in the format of BER versus a 2 I I P 2 and a 3 I I P 3 of the front-end, respectively. The relationship between the intercept points and the coe cients a 2 , a 3 is given in 5. Not surprisingly, the 2nd order distortion plays a critical role because of the resultant l o w frequency components which fall into the baseband and therefore can not be ltered out. As a result, the RF front-end must yield at least 11 dBm I I P 2 to satisfy the desensitization requirement. Fig. 5 is plotted here as a comparison. One shouldn't come to the conclusion that the receiver is able to work at very poor I I P 3s. In fact, as the only interferer in this simulation is an un-modulated carrier which is one channel away from the nominal, the 3rd order distortion creates no in-band interference at all. This is di erent from the case of intermodulation response.
C. Intermodulation Response Rejection
As described in part C of last section, two unwanted signals are present a t f 0 + mf ch and f 0 +2mf ch respectively, where f 0 and f ch are the nominal frequency and the channel spacing; m could be plus or minus 1, 2, or 4. Fig. 6 shows that the I M R Ris about 58 dB, 3 dB higher than the Fig. 8 a 300 Hz drift worsens the sensitivity b y 0.25 dB. At the 280 MHz band, this drift frequency translates to about 1 ppm frequency stability. Over the 15 to 35C temperature range for normal condition test, this is very di cult, if not impossible, to achieve without careful and probably expensive compensation. It is therefore necessary to apply some kind of automatic frequency control AFC and or adaptive demodulation schemes. An AFC algorithm proposed in 9 demonstrated the convergence of the drift frequency from 1 to within 1 10 of the symbol rate about 3 kHz. Another consideration is the receiver bandwidth. The 8 kHz bandwidth is not supposed to accommodate the drift. In a practical application, however, some allowance must be provided to alleviate the problem. The bottom line is to maintain an acceptable sensitivity level. Phase noise, on the other hand, is usually not a problem in paging receivers where crystal oscillators are commonly used. Ultra low phase noise below -100 dBc Hz can be achieved at a few hundred hertz 10 . Reciprocal mixing at this level is completely negligible.
IV. RF Front-End Budget
The sensitivity and desensitization simulation provides important information for the system planning. Once the overall noise and nonlinearity requirements have been determined, a budget can be given for the front-end including the LNA and the mixer. Although 4 dB N F may seem to be an easy objective, it must be justi ed with caution because the designers may want the LNA to be di erential. In a heterodyne receiver the single-ended LNA is desired because of its superior noise performance. However, for a direct conversion receiver like the one under discussion, the di erential architecture may be more appropriate for its excellent cancellation of the 2nd order distortion. In the case of low source impedance, the equivalent input noise voltage of a di erential pair is 3 dB higher than a single common emitter ampli er when their transistors are biased at the same current 11 . The doubled equivalent input noise power won't push the N Fb y the same amount but its contribution is signi cant. A straightforward calculation shows 1.4 to 1.8 dB increase in the N F when the original single-ended value is somewhere between 2 and 3 dB. Taking other important factors like the nonlinearity, the input matching and the power consumption into account, the LNA gain and noise budget is still feasible but may require extra e orts. We then assign 9 dB gain to the mixer so that an overall gain of 25 dB could be obtained from the RF section. The 9 dB assignment is somewhat arbitrary and may include a bu er stage.
Having done the gain and N F budget, we can determine the nonlinearity distribution by using the polynomial approximation. Constant overall I I P 2and I I P 3curves of the front-end are given in Fig. 9 and Fig. 10 . The x and y variables are the intercept points of the LNA and the mixer, respectively. With typical LNA and mixer IP values, the system nonlinearity requirements should be satis ed without any di culty. Fig. 9 . Constant o v erall I I P 2 curves. A combination of 25 dBm LNA I I P 2 and 30 dBm mixer I I P 2 yields 12 dBm cascaded I I P 2. The simulation results and RF front-end budget of a zero-crossing interpolation based direct conversion FLEX paging receiver were presented. Receiver criteria including the sensitivity, the desensitization, I Q phase mismatch and LO frequency drift are simulated. With a reasonably good RF front-end, the o cial sensitivity and desensitiza tion speci cations are satis ed.
